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Mokl mput fresm prini-satree discharges results in conceneainns i (he receiving areis (hat vary in boll
apace dnd tinie, Inorder (o asgsess the spatal disteiburion and teaparal suciabidicy of metls in the Upper Spencer
iy 2 eesalt aF metal mput from o leand smelter, seston svay collected over sis weck peritds ot eight sites
around the gulf A okl ol 23 colleetions fron the ciulit sestan sampling sites wits mude, Levels of mctls i the
seston were elevited al the four siles elosest (o First Creek (the sineher eliloent discharge creck) Seston
colleered o aite Wi (the site ¢losest (o the smelier) contdined the highest levels of w1l megsired metals.
Levels ol Phin W sestan riged fram 973 pore 1o 3060 we'vwhile levels ol Zne Cd, Cuand Minoal this sile
ranged rom 26300 9530 pe/ec 41,20 356 aur/ps St = 200 pw/g and 240 - 921 e g respectively. A stiong
scasonal infTuence seston metal levels wos found at all sies except W The extent af this seasonal inflnenee
wirs evitluated using ime senes anilyses and the infuence fneorpormted o dewerime ouerl frends, Sensonal
viriabon accounts Tor pne (hivd o hal U the variabon i depostiion anpually, Most siles exhibited higher mctal
levels inowinier. eoriesponding with the decreased seston depositon in il season, and conversely, ineressed
el eomeentrations m sumimer. correspanding with higher deposition rates. There was no signihicant chinge
avel ime in deposinen mites st any of the sites exeept Wo. tor which there was a decrese in ot deposition
aver the moptoringe period. Mast sites showed siatistically significant chimges in seston metal levels over the
three vers of the study. The site closest 1o the el Tuent out Bl (Wo was the only sie that showed s sighificing
pnerease nometnl congentrdions over the moniloring penod, This study ipdientes that fregeent repular
monitoring GEseston metaly allows variton ivsmg fram seasonnl differences (o be taken into account, allowing
tamporal chinges w he ducidated. To evaluate hivavalahility ol metals associated with sesion w the Upper
Speneer Culfefor which there werd Free quamtbitios o el duta ) experiments were contieled tsing seallops
(Pveten atb Tate) (summer) and scallops aod issels (Nesies cdidin Cinmacas) Gotamne exposuec). Mussels
ware alan placed il the seston sampling site closest o the elfluent outfill snd removed at tervals aver e sy
week sampling period ncawmn to deteemine the vare of et optike: Tissues were analysed Tor fevels ol b,
CL Coe Znand Mu,and the levels an eich site compireed with tan m the seston, A stong relationship was found
hetween the Tevels of Phoand Znin seston and seallop b and Znouptake. whereas Cooand Cd levels o sesian
showed ro selationship with those i scallop tissues. Lead and Znin mussel tsste were relited o Phoand Zoin
seston, i there were alse weaker relativnships benwee the Jevels of Cdand Cuin the mussel tesue and seston,
althiugh eelaionships swilh these mefals were notdetected i the seallops. The temporsl aecumutation staedy
inchested thial mussels were reguliimg some metals. witl Zo and M levels iitally increasing. then fevelling
ol Cadmivm Tevels werd high i the seallops callected from (he referenee site, and shimyed no signidicant
mcrease onrekrieval after sioweeks neor the smelter. Cadmium in the mussels meratsed sipmificantly aver the
s week expasure period, Copper fevels were alsa high i theseallops ran Hacdwicke Bay, and decrensed
significantly ufter sis weeks i summer, Copper leveds remamed state for both mussels and scallops 1o autamm.
Werther Cd por Coshowed o relanonship betweer the levels in seston and seallops i either exposyre,

Daring (our sestan colleenons: the total organic carhon (TOC) content and the particle siae distribution off
seston callected fram ench of the sites wig determmed. Surprisingly. no relatonships were foumd between cithe
FOC content o particle size¢ of seston und metal cancentrgdions in the hivalyves, sugoesting Liar the mujor
pilence in Hssue metal evel s the ol coneentzation of te metads m the seston. These results are eonfiomed
(et wlarly in the cose oF Phand Znd by the relationships between sestan anctals and Bivalve tissue levels,

SV WOrNS: detee melals, seston, Speneer Gult seallop, mussel, Pectea afha. Myrilns cchdis.
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mumicipal wistes has been dentihied as one ol the
major issues lacing  the  Australam marioe
cnviromiment  (Zann 1995 Sinee metal  levels
assocrated  with water. purticolate maner
sediment con vury over ime. determumng thie exten|
of frace metal enarichment requires not only an
understunding of the spatial extent of contamination,
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but aiso of the degree of temporal variability
associated with metal levels in the varions phases.
The wim of this study was to determine the spatial
distribution and temporal trends in seston metal
levels in the Spencer Gull, an area that receives an
effluent with elevated metal concentrations from one
of the world’s largest lead/zine smelters. Seston for
the purposes of this study is defined as the Tiving or
dead. inorganic and organic particulale matter
temporatly suspended in thie water column (e than
proportion that cventually settles into a collection
whe). As an extension of the studies of seston metal
fevels, uptake of metals by organisms feeding on
seston was assessed, Molluses are commonly used
hivmonitors (Rainbow 1995), becuusc they are filter
teeders. toleritte a range of contaminants and are
widely distributed (George 1980: Morse e7 al. 1993:
Connel ef wl. 1999), Experiments were conducted
using scullops (Pecien alba Tate) and mussels
(Mytiles  edulis  Linnaeus)  translocated  from
veference sites and placed at the seston collection
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sites. Pecren alba are mdigenous 1o the area where as
M. edufiy 1 a0 cosmopolitn species suitable for
drawing hetween-site compansons (Rainbow 1995),

The sty arca

The smelter i3 located gt Port Prrie on the Spence
Ciull of South Austradia (Frg. 1) and has been m
operation since the 18905, Processing muinly Ph and
Znoan addition o fesser quamtities of other metals
and alloys. the facthty has been a source of mctal
mput mie the gulf for more than one hundred years.
The extent and impact of elevated metal levels was
assessed through a series of studies conducted in the
lute 19705 und carly 1980s (Ward ¢ af. 1982 1984,
Ward & Young 1984, Wird, ¢ af. 1984; Wird &
Hutchings 1996). [naddition 1o some ol the ighest
ever reported levels of metals in sediments (5000
/e Phe 16,000 we/e Znand 260 wgie Cdi, these
studies also demonstrated  that marine plants and
animals (for example: Posidonia australis, Piaie
Bicedor, Pengens latisudeatus. Portiuus pelagions)

near the smelter had accumulated metals in their

tissues (Ward of al  1982). Ecological c¢ffects
included the absence af  some species from
communities 1 heavily contiminated sites and the
presence of some species that appeared particulurly
resistant 1o high metal levels (Ward of al. 1982).
Historically, waste metals from the Port Pirie
simelter were derived from stack emmissions and dusl
blown from the site, release of Tiquid effluent ond

loss ofmetal ores and concentrates during loading of

ships (Ward or al. 1982). Most of these sources have
heen minimised or climinated as facilines were
upgraded and more rigorous environmental policies
adopted. Howeyer. the wastewater cflluent continues
10 be a significant source of trace metals, notably Ph.
2, Cdd, Cuand M (Ward ef af. 1984), Cumently. the
ayerage eMuent discharge levels are around 8O.G00
meday. he effluent is released into o apidly
fowing small ndul creck (First Creek) that leads
the dpen waters of the gyl T their studies of the
smelter receiving system, Ward e wl. (1984)
measured frace el fevels inoseston. They chose
this phase because o large proportion ol the
organisms withim fhis system are filer fecders (Ward
of af 1984), The objecrive of the study was to again
examine metal levels i seston because ol the
ceological significunce of this phase.

Materials and Methods

Sampling

Seston samplers (Fig. 2) were placed ar cight sites
(ST 82,83, 54, WL W3, Wo, WT7) (Fig. 1), The W-
sites appraxinate those used m the stody by Ward o1
wl (TOR2) The S-sites were chosen to follow
prevailing currents and tidal movements within the

Tavre L Site Co-ardittes jor Seston sampling sies.

Seston sampling site Sife co-ordinites

51 33° (1I7982''S 1377 54.208' E
52 337 05.605° S 137958724 ¢
53 337 03014" S 1377 51.136"
54 33 10766 S 1377 47.682" I
Wi 3370364 S 1377 SH010" 1
W3 337066917 S 1377 40449 I
Wh A3 08034 S 137957728 b
W7 337 (44227 § 1377 W1677 1

2 35 mm
—

trope to attach

mm

cement weight

Fie. 2 Seston samipler

areq (Ferguson 1983) (Table Ly Fig. 1) The seston
sumplers were made of PVC [abing (i -+ 35 mm x
400 mm long. ial volume = 385 ml), with inserted
baffles 1o prevent re-suspension of collected seston
(lour wbes per sue). The sumplers were attached 1o
conerete hlock sueh thar the opening ot the tibing
focge up was approxinutely one metre ahove the
sediment (Ward o7 af. 1984) Twao buoys were
attached to the ssnplers W nake the site visible, The
collected seslon was recovered as close 1o six week
intervals as weather conditions allowed. Samples
were retrieved by pulling them from the water m a
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manner oo nnimise disturbanee of e collected
seston. lsach (ube was capped and the samplers
retumed w the laboratory, On retrieval, new lubes
were placed m the sampling rack 1o imtiate the nest
collection. Twenty theee collections ar the cight
seston samphng sites were made between July 1997
and Noyveber 2000,

Sevton digestion ad analyyis

Seston collected from each wbe was fillered
through pre-weighed filters (Whatman' 22 - 25 wm
followed by 045 wim Blters Millipore ). the [hdes
and seston dried to i constant weight (-70°C). The
first 12 sets al samples were digested with 20 0l
70% UNO . (Analar™) and 10 ml 70% HCIO
(Analar ). Five millilitees 37% HOL (Analie™) wus
acdded (o the aquenns fraction remuining from the
dhigestion and wis made up o 50 mlavith Milli RO
water: The other ten scts ol samples were digested in
HLO5 and TINOy Tollowed by HCL (the change due to
a change m policy ol regarding the use of HCIO, al
our rescireh anstitution) aid made o S0 ml with
Mitli RO Filter paper. aeid blanks and river
sediment relerence standard (Standard - Reference
Mayterinl #1645, Washington, DCY) eontrols were
used, Sapiples were  analysed  for metal
concentrations using atomic absorplion spectroscopy
(Varian’). The difference in results for the two
digestion techniques found e the sediment stundird
were wsed to ccorreet” litter samples (or differences
moomelal recovery ansing roin e diffetent
digestions,

Sextan characterisalion

During four of the colleetions i antuni, the wotal
organic carbon (TOC) content and the particle size
distribution ol seston collected from each of the i,
were determined. The particle size frnetioms ahove
and helow 75 pim were determined by wet sieving
Al sihseguent drying ac 100"C for 246 h. The
[raction helow 75 pm was Torther chiracterised
using s Laser Mastersizer (Malvern Tnstriments
L. AT) fractinns Gabove 63 gm, 63-4 ponnand [hose

Belows o wre reported as o percent dry weight of

the ol sediment, TOC was deterimned using the
nodificd Mebius procedure deseribed by Nelson &
ROMImers (1982).

Peclen stba g Mytilus edualis siudics

T separaie exposure studies were undereken, In
the firsr (summier exposure: 2000198 4/199), 2
alha were the only organisms ased. In the second
(lfunn e expostret o499 — 18/3/99), scallops and
A edufic werd used und additional mussels vere
placed ot the site elosest to the ¢fflnent autfull and

collected ol dptervals (0 assess femporal uplike of

frace  pietals, Scallops were  collected  trom

HMurdwicke Bay on the Yorke Penimsula of South
Austrahia, and mussels Trom Kangwoo Island
approximately 15 ki from the South Australian
mainland. These sites hud previously been reported
o have low metal concentiations (Zann 1995 Wird
el al. 1934), Both species were held in flow threugh
tanks for several days for depuration prior o
translocution. Thirty scallops (20 m summer and
(O autumn) sand nine mussels were retned
for digestion (o establish b lrace metal
cancentrations (designated os relerence concen-
tratians). Massels (placed fiest in mesh orange bags)
and seallops were placed in plastic cages attached 1o
the seston samplers at cach seston sampling site (g
1) and lelt in place Tor six weeks, Scallops were
placed atall sites in the summer exposure and ut sites
SLS3 54 W and W7 e the automm exposuane,
Musaels were placed at all sites except W3 an the
aulumn.

Al the end of the leld exposure. scallops and
assels were medueed W the Taborauiory and cuch
whole body dricd 1o @ constant weight ar 70"C prior
(0 digestion in HNO; and THCIO, ¢ Analur), Tissues
were analysed for levels ol Ph, €, Cu, Zn ond M
Using atomie absorpuon spectioscopy, A hivlogical
stundard . mnssel tssue (GBW O8RS 71) obtained Trom
e Natiomad Research Centre tor Certified Referengs
Materinls (CRM ) (Graham B Juckson Pty Lid,
Ve Austrnhial wus digested wid apalysed inthe
HUnie el as the samples,

lemporal upluke

Mussels were placed at W6 (fhe seston sampling
site closest o the eflluent owdull) and 3 w6
individials removed for grlysis on days 3, 7. 14, 28
and 42 over the six week caposure period i auium
o determine the rate al metdl uptake. Only M. edilis
wits tsed Ton tis study sinee the locaoon was hoth
shallow tand thereltre subject 1o rapid wmperatuie
fluctiatons) and had  high levels ol suspended
selighs.

Storlistical anelyses

Initial evaluation of the data sets indicated
seasonal mfluence on both seston deposition and
metal coneentrations at most sites. Tine series
analyses were therefore conducted on each motal and
deposition dati set by re-ordering the data by time ol
vy, irespective of vear vollecreds Cosine curves:

(y  %+acos(2akT =)

whete: 7 mean metal concentration aver (he
Samipling perod at cach site. o and boare Trequency
and magnitude vartables. T 363 days. and = duy
af callection (ol i possihle 365) were fitted to thesc
re-ordered data sets, which allowed trequency ind
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mugnitude ol change (o be characterised, The
coelficient of determination (reported as R7) between
the fitted values (as determined by the cosine curve)
and the empirical values was determined (0 assess
the strength of seasonal influence. The residuals (the
values remaining after scasonal miluence was taken
into account) were then graphed against lime {in
chronological ordery to deduce any changes in both
metal concentrations and deposibion over Llime
(Boland [995), The R' values between scason and
metals level/deposition are indicative of the strength
of the seasonal elationship, These residual values
ure cither the result of general (unexplained)
variability or can indicate possible temporal frends,
Trends e the residual values over ume were
characterised with regression analyses, All resulis
reported as statistically significant resulis are al the e
= 0.05 level. Results where p=<001 are also imcluded.
and are indieated as such. Statistical analyses were
performed using Microsolt Excel” spreadshects,

Seston and bivalve data were compared with
regression analyses (least-squares regression with
seston metal the independent variahle and hivalve
metal the dependent variable) using Microsoll Exceel
spreadsheet  software, The  relationship  was
constdered signilicant al p<0.03. The R values
feoefliciem  of  determination)  indicute  whin
percentuge of the variation in the hivalve metils js
due 1o the relationship with the sexton melals, and
thus o measure ol the strength ol the relationship.
Regression was used since it allowed extreme vidues
thi could be shewing the relutionship(s) 1o he
removed and the resulting line compared with the
il resression line, TOC and particle size were
compared with bivalve metal concentrations using
corcelution anadyses. Scollop race metal  aptake
during different seasons and mussel and seallop
uptake were conpared using correlation analyses,
These results were also considered significant when
p<0.05, and wre veported as the  correlation
coellicient squared (R7) (Zar 1984).

Results

Spratial distribution

Levels ol melals in the seslon were elevated
(compared with the other sites) at the Tour sites
closest o Fist Creck and the shipping channel,
Seston eollected from site W6 contained the highest
levels ol all five significant metals, Levels of Ph g
Waseston ranged from 973 ne/e 1o 3060 pw g, while
fevels of Zn, Cd. Cuand Mnal this sile ranged from
2030 9530 /e 412 350 e, 5600 21 ngip
and 241 921 p/p, respectively. Metal levels were
alstr elevated i seston from: site S20 This site 18
located approximately 5 km from the mouth of First
Creek und on the edge of the shipping channel
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cntering the Port River Levels of Phoig S2 seston
ranoed from 170 I8 pg/e Sites W and ST
the third highest levels ol metals in seston. with
levels of Ph runging from 35,00 222 pe/y. Sies 83,
S4 W3 and W7 had lower levels of metals
associnted with the seston. Mean seston metal
cofieehtralions dre presented o Fig, 3u-e. Average
seston deposition tanged from ~70 mdiay (W6
Wy to 120 meday (W1 (Fie, 31,

Segaselal varienion

e influehee o scason vn seston depositian as
determined fron the model (y = % —a cos [ 2a0T
13]) 15 presented in Table 20 There weie signilivant
(defined as =30% ol the variability in deposition
u.\pluincd h)- seasonal varation) sensonal rends it
seston depositon rates atall sies eacept Wo, Senson
aceounted  for over hall the vamation o seston
deposition g sites 83 and W1 and approximately one
(hord of the vaviation in deposition at sites S1. 82054
i W70 AL all sites exeepl 51, seston deposition wa
shightly figher in the suinmer than the winter. Site
Wi, loented closest 1o the outfall had the weakest
relafronship hetween season amd seston: deposition
willi an [ value of 001 Table 2 also presents the
vitrinbles associated wirh the liled cosine curyes (a
and 1 tor cach o the metals ar cach sike,

Ax with deposimiom. sies W and S3 had the
atfunpest relationship between ol metal levels-and
senson. with approximately 40% of the variabiliny in
metal levels arrbuled W season al hese sites (Lable
2y Figdte 4 (Zn ot S3) is a represenfative graph
illnsteating the relationship between: season and
metal Jevels, 82 apd S4 dlso had strong seasonal
changes 10 seston melal concentratons, Notably,
Wa. while showing no seasonal relalionship in
depositton. was Tound 10 have o relationship
between total metal levels and season (mean RS =
(0,35, WT had seweak relationship Betwden wicta's
leyels and season. despite 30% of the vartation ip
deposition beimne explained by season. ST had no
relutiomship berween metal levels and season.
cxcept for Mn. and W3 bad u relatively strong
relanionship between Znoand season. and wenker
refationships between Cdoand Co and season, and
none with Mirand scuason,

All sites exhibiting seisonal yarialion 10 seslon
metad concentrations cscept ST had gher metal
levels in winter  eotrespooding with the decrcased
sestan  deposinan o wier,  and  conyersely.
lll\.’l'CilSL‘d I“C‘(:l' concenteaons mn sunimer.
corresponding with higher deposition rates

Temporal wends

Ihieve was no signilicont ehange over Lme in
deposition rates at any af the sites except Wo. for
wlneh o decrease i ot deposition wis observed

aver the montoring period {Fra. 31,

Lead concentrations i the seston decreased
stgnilicantly al four sites over the course ol the
monitoring studv (52, 84, W ST - althode st site

81 p was =0.01) but increased sigmilicantly at Wo,

with -30% of the varability at these fowr siiey
expluingd by temporal changes (Figo 3u). £n levels
decreased significantly a1 #is siles (S1, 82083, 54,
W1 and W3). and remained unchanged ar Wé (Fig.
3, There was o less Significamt decrease in 2o
seston comeentiations @t W7 (a0 1) Figure 5
present examples of strong (520 R- = U301 and poor
(W6: R- = 0.01) relationships belween change in
seston metal Tevels and nme. Cd levels deercased ar
S3 and WL and fnercased significantly at Wo (Fig,
3oy 82 also had a decrense in Cdoconeenteations,
although i a less signiticant Tevel (o= 0.1). Capper
concenations decreased sigmifeintly ar all sites
{although S1atp = 01 except Woand W7, with no
change (Fig. 3d), Mn concentrations decreased at 81
S2 and 54, and increased ar Wo (Fia. 3e).

Those sites showing the st significant changes
i seston metal fevels werd S4 and W (deerease
totul metals). followed by 82 (decrease), S5, 51, W3,
W7, The site elosest to the effluent oatlsll (W6) was
the only site thiat showed o significant incecase n
melal coneentrations over tie moniformg periad.

Sttnedurd vefovance materivl

Al stamdard reference material (SRM) Zn, Cu and
Mr recovery values [ell within the confidence Jimits
ol recovery vilhues published by the supplice
(17202169, 10919, TH3=9T7 (p/e. respectively)
Additionally. there was no signlicant dillerenes
hetween the 2 dhgestion miethuds Tor these three
metals. Lead digested with TICTO /NG, el withing
tha SRM supplier vitlues (714228 pa/e), although Ph
recovery was lower using the O/ TN, digestion
{by 11%). Cd recovery was lower thap the SRM
vithies Tor both digestion methods, with a difference
ol 15% when the change was made to H-0,/HNO L
Therefore Phoand Cd yalues were “correeted” by
mulliplying the emnpiccal vidues by 1371 amd | LS
(Pband Cd, respectively), Given the difference m
binding constants between Phoand Cd (Balisteieri &
Murray 1984 ), it 15 not elear why these resulis were
obtained  Nonctheless, the results sere consistent
and repraducible and were therelore used (o allow
comparisond hetween the twa digestion mdthods 1o
he made.

Bivalves

The seallops all dicd ac Wa in the summer and
were therefore nol plaeed arthis site in autumn. At all
other sites there were few or no deaths of enther
seallops of pssels during the siv-week expostng
perd.
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Taw 3R values for the regressions of scallop and metal
sesten levely.

Th Zn Cd Cu Mn

Seollops (summer) (.87 A48 015 (23 074
Scaltops (awtumn)  6.90 273 004 0.001 0.002
Mussels 0,99 092 062 044 0.0m

Numbers initaties indieate a significant relationship
(p~0.05), underhned numbers indicdle no change in
{stgmilicant) slopes when regression analysis performed on
The i paints minus 82 and Wo,
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Fig, 4. Example illustiating dhe  relationship belween

cmpiical seston mictal concentration and the ited conine
cirve (graph presents zine ul site 83)

Relationships bevween xeston metal and  hivalve
aietorl

Table 3 presents a summny ol the relationslips
hetween the bivalve and seston metal concentrations,
There were significant relationships belween seston
mnd ivalve Phoand Zn conceniralions in both
cxpasures (p<0.03). There were also significant
relutionships between Cd in seston and mussel tissne
and between seston Mn and scallop Mn (in sutnmer
only). Seston mctal fevels at site 82 o the seallop
stady and sites Woand 82 in the mussel study were
significantly elevated compared with ather sites,
order (o deterinine the eltect these points lid on the
regression carve, the anudysis was also performed
will ihe points removed, The slope ol the seeond
regression curve was then compined  with that
generated with ull the ditan paints. Representative
graphs illustrating the elfect of remaving extreme
dilnes are presented in Fig, 5,

The slopes ol the relationship hetween Ph levels in
seallops and Pb fevels in seston were  not
significantly altered alter removing the 82 data point
CTable 30, bnothe mussel exposuces, there was no
significant change i the slope when the Wé paint
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Fie,o S0 Uxamples llustrating he relmionship berwecn

seston metal concentration and (me afier seasonal
varalion i tken into account. Graphs indicale strong
{zine al site 82) (0) and poor (zine ol site Wo) ()
rebationships,

wils removed. although removing S2 resulted i a 2-
(old increase in the slope of the regression carve,
There were significant velaionships o both 7
comparisons |R* = 0,73 and (1.88), although when the
S2 point was removed from the autwmn data, the
slopes were no longer comparable. This is possibly
the result of fewer vemaining data poins (4) inbe
auttmn exposure compared with sumimer (6). The
relationship between mussel and  seston Zn was
signilicantly aliered by removing W6 lrom 1he das
set (RT=0.92 vs. 0.02) although this relationship no
langer held when Wo was removed Trom the data se
(R = 0.02%, This was ulso true ol the relwionship
hetween muossel Cd oand seston Cd (RT = 0.62),
although no refationship was detecied  between
scillop Cdand seston Cd. There was novelationship
hetween hivilve Cu und seston Cu, There was
signilicant refutionship between Mn levels in
scutlops exposed in the summer and seston M,
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TAkL e 3. Swancary of B- valiey found benveen metal fevels
i seallaps and gretal lovels in mussols deployed an the
seviiur seanpdings sites.

_ Mecul R value
Lead 773
Zinu 1133
Cadiminm (.04
Copper 0.07
Manganese 0.9

Nombers initibies indicate a signilicant relationship
(1r-0.05)

although the slope of the regression curve chaiged
significanty when 82 was removed from the dats
sel.

Comparison benween Pooalbie and M. edulis and
seasenral compeirisons (B alba)

Lead and Zn were the only metils for which there
wits o relationship between the two bivalves (Table

4y Levels of Phoin summer exposed scallops were

not significantly dilferent from those exposed i the
antormr. There was also noo significant difTference
between seallop and mussel Phoconeentritions,
Scallop Zn was pol signilicantly different hetween
seasons. wthough scallop Zn concentrations were
higher thin mussel Znatall sites. This contriasts with
the initinl concentrations of Zn in the bivalves, which
wats slightly higher aiy the mussel tissues compared
with the scallops. Cd levely in scallops exposed i
the summer were higher than those exposed i the
antamn, and Cd levels mseallops e both sewsons
were Tigher than that in mussel tissue. Seallop Mn
was significantly hicher than muassel M atall sites,
und alsoin initial. wnexposed  bivalves, Table 4
presents i sunmnary of the relationships inmefal
iptike between mussels and seallops.

TOC and particnhite size distreibution

There was no relationship between TOC or particle
Lize and uptake of any of the metals examined in
cither scallops or mussels,

Temporal wptale

Feud and Cd coneentrutions i nussel fissue
wereased significanty until day 28, alter which (he
concentrations  levelled, indicating. mussels had
reuched steady state, Cd concenuatons decrepsed
stepificantly  Tollowing imital  transfer o the
caposire site, while Zn levels increased gradually
undil ey 28, On day 26, concentrations of Zn
increased  sienificantly following an accidental
release ol Zn electrolyle solution Trom the smelter
(2/5/499) . The level of Znin mussel Gssue taken on
day 4o however, had returned o pre-spill levels
indicating some regulation of whole body Zn.

Interestingly, Zn was the only metal for which tssue
levels comresponded with the accidental  release.
although a1l metal levels were elevaed in the
elfluent (Pasminea Port Pitle, unpub. datn). Cu

concentrations  in the mussels  were variable
throughout  the expastre  period,  and - Mn

concentrations decreased following placement at the
study site, followed by o significant increase. Mn
concentrations did not appear to reach steidy stale,

Discussion

Spatial distrvburion of menls

While exhibiving  varying  binding  affinitics
(Balistrieri & Murrday 1984), metals can generally be
said 1o have u preference Tor the fine parlicle size
fraction of sediments (Lead e wf/o 1999). In (his
study, sestan wis not sub-divided into particle size or
mass. Morse or g/, (1993) state that simply reporting
average lolal concentrations can he nisleading
because of the variation in metal levels associated
with different gram stees. Inoour study, we attempted
{0 socount for same of the mlTuence of particle size
by considering seasonal influences on seston
deposition und metal Tevels, Under conditions of Tow
wind and wrbulence. suspended particulate malter
cancentrations are lower and are probably composed
latgely of finer sediments and conversely, stronger
winds resuspend a greater puinber of larger particles,
which are comparatively low in metals (Morse of of,
1993). Therefore gram size distribution within seston
samples is likely 1o be the resolt o physical
conditions, wlitch i tuin is a result of sedson in th

Seallop dead (supnier) (1g/p)

" e fiiy Ve

Sahun e (spidoner ) Lig'd)

Fig. 6. Craph illusteating o case for which senioval of e
eatreme data bas no sigaieamt e et oy and o =igihiivan
elfeet (h) on e slopeal e line. Unbroken line indicites
Iiner regression lioe using all dati points (1 [grey] 93 %,
conlidence itervals), sraken line indicates Tinear
pegiession line minus the exteere pomnts [unfilled pomi)
U grev dashed 93 Y confidence intervals)
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Upper Spencer Gulf By considering seusonal
varahihity, we have g better indication of oyeral)
temporal ehunges in frace metal conventrations.

Seasonal varbility does not however account tbr
particle size differences betwetn sites. Nomidlising
I g s sing metal:be ratios or detimng the
total nuwnber of available binding siles dre melhods
that allow betwern-site comparisons w he made wath
preater certainty (Morse of al. 1993, Turner &
Millhward 20005 Balisteieri & Mupry 19%4), This
slwly, howeyer. alse assessed the relationship
between teanal seston metal levels and biouvatlability.
I thies seudy. serong relationships were apparent
between seston Phoand Zn levels and Ph snd Zn
uptiake o both scallops and mussels, indicaling that
seston  melals are g good indication ol the
moavatluble fiaenon of metals. I is under this
assimption that between site compansoens ure
repoted,

ot surprisingly, W, the sile clogest to the eftTuent
dischurge site had the highest concentrations of the
five etals measureds However, séston trice metgl
conventrations swere not o fuiction of distance rom
the ouifadl, 81 was the same dislance from Firs)
Creel as 820 althongh ST had higher levels of all five
mietals: ST und W1 hiad comparable levels of metals
seston even though WL is further away lrom the
wutlull thai S1 (- % km from W6 compared with 14
k) The concentration gradient for most metals
[ollowed the genvral current flow T the aren
deseribed by Ferguson (1983) While hoth S and
W wete Joeated on the shipping channel. which
could ciwse resuspension of metal bound sediments.
therehy  mfluencing  seston metal  leyels. the
compurnble depositon rates ot ST, SZand WE makes
that seem unhikely. In g study of wietals und
pariculale multer conducted i the North Sea.
Fappi wi ol (19951 concluded that movement of
particulates iy wenerally linked 10 water eivceulation
and nising.

The Tuur sites lurther afield (S3, S4. W3, W7) had
significamly fower concentiations of most netals,
However,  theie hackground™  Stalus remains
unconlirmed (sec lemporul rends) The levels ot Zn
and Cd al these our sites were sionilar 1o one another
and lower than those found arthe other foursites (S1.
S2. WA, Wallalthough fevels of PBand Ma gt 83
were higher than at the other three sies, a8 was Ci g

W7 Thiz suggests that designating one or niore of

these sites s representing backerognd levels Tor uli
pictuls s ot possible, Our hackground siles were
chosen hused on (hose pubhished by Ward 0 of

FIYVARE | ICS & BOXALL VA, (19860 A fnvestigaliong of
BV et commniianon of edible mrarine seatood i he Poi
Pt - Tehoy e Beaels regaon of Soutle Avstialin Sonh Ausiralin
K s P lopaent st cAgune Soeoces: Henley
e he S Avuserdie.

(1982). Ay noted in the texl however. there were
changes in metal concentrations at all sites.
suggosting thit i s hkely that théve has been <o
smelwr nfluence, However, Ward and Correll
(1992) wrgue thal remote site, global mean and
minimum vilue methods of estimating backgronnd
coneentrations are lesy robust than the distange
extrapalation wethod sed W choose backgroumd
siles for this study: Tach of the four “backgraund’
stles can be used  to determine  background
concentrations for particular metals. however no one
site has no varation imall metals measured,

Seasenul varialion

Deposition ates were sigmifieantly higher arwmos
sites i the summer months. At that time of year both
anatd offshore winds are strongest on the Upper
Spencer Gull (Aust, Burcao of Meteorology 20017,
Stnaal & Tlaas (1997) also veported  sicinlicant
seasonal vartability i suspended particulate maner
coneentrations i the Netherlands. S | and W6 did ot
follow this pattern, probubly hecuuse af their more
protecied logations (Fie ). S1 deposition was
slightly higher in the summer thanr the wantere
ciuse for this s not knotwn, W6e showed no
relationship  between  deposibion and  season.
probubly resulting fram both ils proximity o the
smielter auttall. with the resulting inlluence ol
vartability i suspended matter exiting Fivst Creel,
and s protected location

Tomporal trends

The Jack of change over the three year monitormig
period i seston deposition rates 40 S1.82, §3, 54,
W1, W3, and W7 sugaests that only natul
nfluenees are playing o role in sestan deposition at
these sites. Converselys there was o significant
deereise i deposition rates al W, indicating ¢ither
an overall decrease mogeain size being discharged
[ram the smeher (throtgh inereascd residence tinge ol
the efffuent in the ponding process poor (o dischiarge)
or, daltematively, fhat there is continuing “dilution” ol
larger, naturl particles by the smaller smetter ¢lTuent
grains. Ihis accomulaton of finer vrains i arcas uf
deercased Aow reginies has been weported clsewhere
(Puig ot al 1999). commuonly oecurring when faster
Nowing crecks meet the opei seq,

Genetally, wetal Jevels al all snes exeept the sity
closest 1o the smelter omtfall (W) decroused or
remamed unchanged over the course of the study,
This decrense s likely (o be the result ol the Tong
term (=~ 20 year) decrcase i the levels of mictals
hetne released by the amelier. This conclusion is
supported by effloent metal data (Pasminco on
Pirie. unpub. datd) and by the deciease in tazor [1sh
tisshe mietal concentrations in the Upper Spencer
Ciull reparted by Ldyvane & Boxall!
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The seston coneentrabon ol metals at Wo.
conversely,  cither increased  significantly  or
remimed  unchanged: over the monitoring period.
Thepe ate a number of possible reasons [or the
dilferent trend in metal concentrutions fHund al Wa
compared with the other siles. Firstly, il 1s possibly
{he result of the deercased deposifion over the sune
period, die to mereased retention ime of the eMlucnt
prior o release. and comespondingly smaller gram
sizes At all other sites the deposition mass remaned
unehanged (olter seasonal variotion was taken mta
ieeount). Smee  sialler partiele  sizes have
proportionally greater binding sites (Leud et ol
149499, the amount ol mefal becoming bound with the
stualler particles would result in un overall inerease
i the pegde mtio. Secondly, the seston mewal levels at
this site could be reflecting shorter term changes in
the effluent metal Twads. While over the long teng
(20 years). metal loads huve decreased signilicantty,
Ph amd Cu released Trom the smelter have jncreased
shzhtly vver the shorier wem (the three years ol the
wontloring period [Pasiineo Port Pitc. unpub.
data] ). Allernatively. o fuck of transport from the W6
area, a4 shallow, intertidal region. could be resulting
i ever increasing metal loady entering the arey and
ot beli exported ehewhere, 15 his s the case metal
concentrations in (he arca will not change until there
15 no further discharge fram the simelter: and even
then the rate ol change s kely o be very slow,
S there was no diseemible general rend between
chatipes in seston metals, ffluent metal loads wnd
melal hinding consknts For the results at Woe, it s
thought that w combivalion of these factors is
affectng the overall temporal changes deteeted m
the seston mctal levels a Wo.

Factors iufluencing seston meral uptiohe
The proportion of metal fons that will become

botid o purticalate nuatter, and the strength of

binding are governed by s mamber ol tuctors, These
include the binding constant of cach metal, and the
compostion ol the pardeulate mater (Balister: &
Murtay T984: Mayer 19892 Decho & Luoma 1994)
Addinnnully. seston charactensties (particle size
distributon, wal arganie carbon) will mfluenee. the
cate and amount of ekl hecoming assoetated with
orgarmsim hissue, 1o this study no relationships were

found befween either TOC cantent or particle size ol

seston and netal coneentrations 0 he bivalyes,
suspesting that the majoc imNoence i lissue metad
fevel s the ot concentration of the metals oo the
Sealan.

Sexton anelal concenirations wnd  Divalve s
ComeeRatitnes

A priary purpose of this siudy wos 1o assess the
relatimship hetween seston mekad levels inthe Uppe

Spencer Gulf and uptake of imetals by tilior-feeding
bivalves, Positive relationships benween seston and
lissue metals were detected with Phand Zn. althotigh
the relationship did not hold in some cases when
extreme values were rammved, While wigtals can be
taken up through the dissolved friction or mgestion
ol particulate form (Lupmi 1995), of the Tive metals
i thas stody. Pb is the one with the highest bindiong
constant for suspended mater (Bahsinen & Murty
[984). Lhis suggests thal itgs likely that the majorsty
ol environmenial lead will be in particulate tonn.
Eatremes o Zn contannination (as detined by
clevoted fevels of Zninthe seston pwere reflectad m
clevated levels of metals m both hivalves However,
(his relationship only held with the seallops once the
extremes were removed, suggesting AL cdulis were
repulating Zn levels. This is supported hy the resalis
frowe the temporal uptake study, Raipbaw (1995)
noked that while mussels reflect exteeme chages in
Zn bicavalability, they do ol show lesser changes
i accomulated budy concentrations ol Zn. Scallops
are theretore possibly bBetter monitors of the
hioavailable (mclion ol Znin e enviropment.
Conversely. o relsbionship between Cd moseston und
inussels was detected thar was not present with
seallops

Novrelationships were detected between sestorn and
hivalve tissuc Cu (all exposures) and Mn (exeepl
sealtops in summer), There are s number of possible
raasons for dns, Firstly, 0 may be beesuse the
particulate yetal js not pelited to the proportion o
biodaviiable  melal  tpossibly  because  the
bivayailable fructon is mainly Ihe  dissolved
fracrion). Secondly, tssue metd may be heing
retiated by the orgarism (either pre- and past-
assimilabiom). Bivalves have been shown fo be
cipable of modifying (he digestive processing of
[ood 1w reduce exposure 1w highe hivavailable Cr
concentrations (Decho & Luoma 1994). Thirdly.
mdividial Bivalve vartability may have been too
great to determine the “lrue” uplake or [he exposure
time was too short, and 1he measured  fissoe
cancenirations were nat pepresentative ol tara)
possihle uptoke, Additionally. nomber of other
[actars (such as the composition ol the sestan) may
differ at each site and therelore alfeer the rehationsings
hetween Toll seston wetal wid bivahe uptake, For
example. metuls associated wilh patural seston are
geperally assintilated ot lower ellicwencies than
metats bound with unicellular algae (Chong & Wany
2000).

While 1otal cadmium in A alha bias been shown to
h¢ dependent on thie laeahity of seallep collecton
(Walker eraf, 1982), thiswas not fonad in this study.
Notably. scullops Teom all sites (including the
reference collection site) had levels of Cd above it
recommended by ANZEA (2000). The digeshyve



1 Kl ROSS. LR BIDWED LM WILLIAMS & 1 BOLAND

pland of the scallop Pecten movimus Linnaeus hus
heen found to contain high congentrations ol Cd,
even when collected  Trom apparently  anpalluted
witers (Ramnbow 1997y, Rambow (1997) noted
abnormally  high  tissue Cd o concentrations 0
seallops. and suggested that this is a resnll of very
high teeding rates. C'u optuke in mussels was more
closely related o seston Cu levels thin i seallops.
owever 11 hias been suggested that mussels wre nol

vood indiculors af epvironmental concentrations of

o because they are good regulators of this metal
(Raimhow 1995) Adlison ¢t al. (1998) found that Zn.
Cucand M i pseudofucees were often higher than
levels in the suspended parficulate matier (in
luboratory exposures). mdicating that the mussel (M.
cdnles) had rejected particles enriched in these
metals.

Mussed vis o surtoguie seallop apecies

There were significant differencey between speeics
in hoth toral tissue metal  concentrations and
relunonship with  seston metals,  Given  [he
difterences between iwo bivalve species, 1o assume
metals in hivalvey represent the hroaviiluble fraction
for sl species s errancons. As Ruinhow (1995)
notes, o suite of biomonitors, reflecting all metal
fwoavatlabihity n all yvailable sources 18 necessary,
Lising M. edulis provides the opportunity to nike

comparisans hetween sites. which s very impartant.
Howeser, F2oalba s un andigenous species. and
therefore possibly more relevant o the partictilar
systém under inyestization,

Conclusions

Long term, trequent monitoring ol (emiporally
suspended  seston is an appropriate. method of
assessing (cace metal diswibution. The only way w
clucidate mends inometal levels is o acguire
sifficient dita 1 incorporate variation eaused by
seasoral inlTuences, These data indicate thal seston
metal concentrations are decrensing at most sites
within the Upper Speneer Gulf, reflecting long ferm
overall load decreases fram the smelter. Metal levels
m sestom al the site closest o the smelter have nol
decreosed. This 1s either a refleetion of the shorter
term metal louding from the sinelrer, possibly i resull
of smualler, metal rich particles heing released
following ponding of the effluent, or becadse there =
liHle exchange with the open seq ab this sile,

Seston Ph g o reasonable indicator of the spanal
distribunion ol ’h ameng bivalves in the Upper
Spencer Gt The relationships between Z)i, Cd, Cu
and Mnseston and the bivalves was variable,
although one or both bivalves were ahle fo deteat
extremes [or most metals.
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